Abstract: Synthesis of styrene carbonate (SC) via the fixation of CO 2 with styrene oxide (SO) has been investigated using a combination of zinc bromide (ZnBr 2 ) and tetrabutylammonium halides (TBAX) as acid-base binary homogeneous catalysts. The combination of ZnBr 2 and TBAB had a synergistic effect, which led to about 6-fold enhancement in the rate of SC formation as compared to using TBAB alone as a catalyst. Propylene carbonate (PC) was chosen as a green solvent for a comprehensive study of reaction kinetics. The reaction followed a first-order kinetics with respect to SO, CO 2 , and TBAB, whereas a fractional order was observed for the ZnBr 2 when used in combination with the TBAB. Arrhenius and Eyring's expressions were applied to determine the kinetic and thermodynamic activation parameters, where activation energy (E a ) of 23. ) was obtained. These thermodynamic parameters suggest that endergonic and kinetically controlled reactions were involved in the formation of SC from SO and CO 2 .
Introduction
In recent decades, the increasing CO 2 concentration in the atmosphere has resulted in drastic changes in the climate. The anthropogenic emission of CO 2 into the
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atmosphere now exceeds 36 Gt, which is 43% above the level since the beginning of the industrial revolution [1] . This has necessitated some research in the industry and academia to reduce the CO 2 emission via sequestration and utilization [2, 3] . Amongst the methods of CO 2 utilization, the most attractive and economically viable option is the application of CO 2 for the production of cyclic carbonates via reactions with epoxides due to its 100% atom economy [4] [5] [6] [7] . Another advantage of CO 2 utilisation in cyclic carbonate productions is that it is a naturally abundant non-toxic and non-flammable and can be used as a sustainable alternative to toxic phosgene used in the conventional process [8, 9] . Generally, cyclic carbonates are valuable chemicals which have applications as monomers for polycarbonates and polyurethanes [10, 11] , polar aprotic green solvents [12] [13] [14] , electrolytes in Li-ion batteries [15, 16] , and platform chemical for other products [17, 18] . However, a major challenge in CO 2 utilization as a feedstock for productions of platform chemicals is due to its high thermodynamic and kinetic stability [19] . Therefore, CO 2 utilisation for organic synthesis is recommended for formations of compounds that have relatively high free energies to provide a thermodynamically feasible process, such as reactions of CO 2 with epoxides in cyclic carbonate formations [20] . Although the reactions of CO 2 with epoxide to form cyclic carbonates was observed to be exothermic [21] , such reactions require high activation energy, in the range of 209-251 kJ mol -1 based on nature of the epoxide [22, 23] . Therefore, a highly efficient catalyst is required to overcome this kinetic barrier [24] . During the last two decades, various catalyst systems have been developed to catalyse the reaction at mild reaction conditions. These mainly include organo-catalysts such as alkylammonium/phosphonium halides [25] [26] [27] [28] , ionic liquids [29] [30] [31] [32] [33] , and alkali and alkaline earth metals-based salen/salphen complexes [34] [35] [36] [37] [38] . However, there are several catalyst systems which still lack their commercial viability because of their availability, low catalytic activity, the requirement of extreme reaction conditions and complex downstream separation processes. To increase the catalytic activity, it is important to understand the mechanism involved in the cycloaddition reaction. Generally, the commonly accepted mechanism for the reactions of CO 2 with epoxides under acid-base catalysis involves the following steps ( Figure 1 [27, 39, 40] .
In this study, chemical fixation of CO 2 with styrene oxide (SO) was performed using a combination of zinc bromide (ZnBr 2 ) in conjunction with tetrabutylammonium halide (TBAX) as an acid-base binary homogeneous catalyst. Although cyclic carbonate synthesis via CO 2 cycloaddition to epoxides has been broadly investigated using various catalyst systems with higher conversions and yields of cyclic carbonates [21, 41] , comprehensive studies are required to investigate the mechanism of the reaction. This study involved the determination of reaction rate law, kinetic parameters and testing of hypothesis on the mechanism for the synergistic effect, to obtain a deep insight into the observed catalytic activity due to the synergistic effect between ZnBr 2 and TBAB. Arrhenius and Eyring expressions will be used to determine the effects of temperature, activation energy and thermodynamic parameters for SC formation. A reaction mechanism will be proposed based on kinetic analysis of the experimental data.
Materials and methods
The styrene carbonates (SC) synthesis was carried out using a mono-substituted styrene oxide (SO) and CO 2 ( Figure 2 ). All chemicals were obtained from Sigma Aldrich. The reaction was performed in a semi-batch operation using a high-pressure stainless steel Parr reactor (Model 4750) ( Figure 3 ). The temperature was controlled using an automatic temperature control system (PID controller), whereas pressure inside the reactor was controlled using a 70 bar gas pressure regulator. A highspeed magnetic stirrer was used to provide agitation. For an exemplary experiment, the desired quantities of styrene oxide (SO) and homogeneous catalyst (ZnBr 2 /TBAB) were added into the reactor and heated to the required temperature by setting the value on the temperature controller. When the temperature set point was achieved, the reactor was pressurised with CO 2 from a gas cylinder to the required pressure. The reaction starts immediately after introducing CO 2 in the reactor. A continuous supply of CO 2 was provided to the reactor to maintain the constant pressure during the reaction. The progress of the reaction was examined by withdrawing a very small volume of aliquots (200 µL) from a large volume of the reaction mixture (40 mL) at regular intervals. These samples were immediately analysed by IR analysis. The IR spectra showed an increase in the intensity at 1800 cm -1 due to carbonyl peak of SC formation ( Figure  4) , and peaks at 1065 and 1159 cm -1 corresponding to asymmetric (C-O) stretching vibrations of SC [42] [43] [44] . However, the carbonyl absorption peaks of solvent (PC) and product (SC) were overlapped at 1800 cm -1 and no changes in the intensity were observed during kinetic experiments using PC as a solvent ( Figure 5) . Therefore, the progress of the reaction was monitored by the decrease in the intensity of the peak at 876 cm -1 assigned to C-O stretch mode in SO, which was clearly not masked by the PC absorption. The rate at which the SO epoxide peak at 876 cm -1 diminished was directly proportional to SC formation as there was no by-product formation was observed. The conversion (%) was determined based on the decrease in SO peak intensity at 876 cm -1 after calibration against known concentrations of SO and was also validated using a 5890 Series II Hewlett Packard gas chromatograph.
Results and discussion

Effect of halide anion on SC formation
Formation of SC was carried out using various TBAX (where X = I‾, Br‾, Cl‾, F‾) in combination with ZnBr 2 ( Figure 6 ). The results indicate that the order of halide anions activity was Br‾ > I‾ > Cl‾ > F‾, in agreement with the order of leaving group ability of the halide anions i.e. I‾ > Br‾ > Cl‾ > F‾, except for Br‾ which exhibited greater activity due to its optimum balance between nucleophilicity and leaving group ability [45] . The activity of halide anion in a binary catalyst system is strongly influenced by the presence of a second catalyst [46] . The order of halide anions activity also varies depending upon the type of epoxide and second catalyst used for cycloaddition reaction [47] [48] [49] [50] . A similar order of catalytic activity for SC formation from SO and CO 2 was observed previously when TBAB was used as a co-catalyst with bimetallic aluminium-salen complex [43] .
Kinetic study of SC formation
A detailed study of reaction kinetics was performed to investigate the mechanism associated with SC formation catalysed by a homogeneous binary catalyst (ZnBr 2 /TBAB). This requires the use of a reaction solvent in order to vary the concentration of SO, and these were selected from commonly used organic solvents such as toluene and polar aprotic solvents: N,Ndimethylformamide (DMF), acetonitrile (CH 3 CN) and propylene carbonate (PC) ( Table 1) . From the results obtained, the use of CH 3 CN has exhibited a higher reaction rate and turnover frequency (TOF) than other solvents under these set of reaction conditions. However, PC was selected as it is a 'green' solvent. PC is a high boiling point, biodegradable and non-toxic polar aprotic solvent, which has been commonly used a replacement for toxic solvents such as acetonitrile, DMF and DMSO that are expected to be restricted due to SO x and NO x emission when incinerated [39, 51] . Another advantage of PC is that its density (1.2 g/cm 3 ) is close to that of SO (1.05 g/cm 3 ), which results in a reaction medium with mass transfer properties and miscibility that do not vary considerably from solventfree reaction conditions. PC can also be prepared by the CO 2 cycloaddition to propylene oxide (PO) using the same catalytic system i.e. ZnBr 2 /TBAB. Therefore, it will clearly not inhibit the catalyst.
Prior to the detailed kinetic study, the catalytic activity of TBAB with and without ZnBr 2 was investigated. Figure 7 shows the significant increase in reaction rate (~6-fold) when TBAB was used in combination with ZnBr 2 , rather than as TBAB alone. These results clearly exhibit the synergetic catalytic effect of using ZnBr 2 in combination TBAB. Here, the Lewis acidic Zn site caused the SO activation, which undergoes attack by the Br‾ anion acting as a nucleophile provided by the TBAB.
The general rate equation for the SC formation by the cycloaddition of CO 2 to SO can be written as Eq. 1. The catalyst concentration was constant throughout the reaction, while the CO 2 was maintained in excess through continuous supply in a semi-batch operation. Therefore, it can be assumed that CO 2 concentration was constant throughout the reaction [20, 44] . Hence, Eq. 1 can be simplified as Eq. 2, and taking the natural logarithm of both sides of Eq. 3 gives Eq. 4. Assuming a pseudo-firstorder reaction, Eq. 5 applies and this can be integrated to obtain Eq. 6, which can be used to determine the order of reaction of the SO [44] .
where
The order of the reaction with respect to epoxide was determined using SO in the range of 2.5-5.5 M concentrations. The experimental data showed a good fit to first-order kinetics using a plot of ln [SO] against reaction time (min) (Figure 8a) . The values of the observed rate constants (k obs ) were obtained from the gradients of the first-order plot. Moreover, a linear graph was also obtained between initial concentrations of epoxide against initial reaction rate (mol L -1 min -1 ) (Figure 8b ), which confirms a first-order (a = 1) reaction kinetics for the SO [52] [53] [54] .
The order of the reaction with respect to CO 2 was also studied by varying the pressure over the range 2-8 bar at otherwise constant reaction parameters. Increasing pressure caused the increase in CO 2 concentration in the liquid phase and thereby the increase in reaction rate. The order of the reaction was observed to be first-order as experimentally obtained data exhibit a good fit in firstorder kinetics (Figure 9a ). There was a linear correlation between the graphs of initial reaction rate against CO 2 pressure (Figure 9b ). This shows that the reaction was first-order (b = 1) with respect to CO 2 , an indication that one molecule of CO 2 was involved in catalytic cycles [28, 55, 56] .
Reaction order with respect to TBAB was investigated using TBAB concentrations in the range of 0.2-0.5 M, while the other parameters were kept constant. The rate of reaction increased with TBAB concentration (Figure 10a ), as would be expected, and all of the data points exhibited good fit to first-order kinetics. Moreover, the reaction was found to be first-order from the gradient (i.e. 1.08) of the double logarithmic graph between (k obs ) and [TBAB] (c = 1) (Figure 10b ). The role of tetrabutylammonium halides (TBAX) as nucleophile additive to CO 2 cycloaddition reactions is generally well accepted [25, 57, 58] . These essentially provide a halide anion (X) for epoxide ringopening by the nucleophilic attack on the least substituted carbon atom of epoxide and also facilitate ring-closing in the final step of the catalytic cycle to form corresponding cyclic carbonate due to its good leaving group abilities.
The order of reaction with respect to ZnBr 2 (in combination with TBAB) was also observed by changing the concentration of ZnBr 2 over the range of 0.0325-0.25 M ( Figure 11a ). As mentioned earlier, the reaction rate significantly enhanced due to the synergetic effect of ZnBr 2 in combination with TBAB. However, reaction order with respect to ZnBr 2 was not first-order. The gradient was instead found to be ~0.5 (Figure 11b) . A fractional order (d = 0.5) is normally an indication of the complex reaction. Herein, the proposed reaction mechanism includes a predissociation step. This was probably due to active complex formation consisting of one molecule of ZnBr 2 and two molecules of epoxide (Step 2, Figure 14) . The metallic salt (ZnBr 2 ) provides a Lewis acidic site in the catalytic cycle for epoxide activation. The activated epoxide then undergoes a nucleophilic attack by halide anion on the less substituted carbon (C) atom of epoxide to open the ring [59, 60] .
The effect of temperature on SC formation was also studied by varying temperature over the range of 90-120°C. As expected, the reaction rate of CO 2 cycloaddition to SO increases significantly with temperature. The experimental data obtained was found to be fitted well with first-order kinetics (Figure 12a) . Furthermore, the Arrhenius activation energy (E a ) was determined by plotting ln (k obs ) against reciprocal of absolute temperature (1/T) (Figure 12b ). From the results obtained, the activation energy (E a ) for SC formation was determined to be 23.3 kJ mol −1 , which is lower than most of the catalyst systems reported previously [53, 61] . Moreover, the thermodynamic activation parameters were studied using the Eyring equation (Eq. 7) [62] . (Figures 13a and 13b) . Similarly, the values of Gibb's free energy of activation (ΔG ‡ ) were determined for all temperatures using fundamental thermodynamics equation (Table 2) . The values of ΔH ‡ and ΔG ‡ were positive, an indication that the formation of SC via reactions of CO 2 and SO was endergonic and kinetically controlled. However, the low value of ΔS ‡ indicates that there is an associative mechanism involved in using the binary catalytic system, as the activated complex has a tendency to become more ordered [63] .
Proposed reaction mechanism
A reaction mechanism was proposed based on the kinetic analysis of SC formation by the reactions of CO 2 and SO catalysed by ZnBr 2 /TBAB ( Figure 14) . Initially, the activation of SO takes place by the interaction of Zn-site (Lewis acidic) with the oxygen atom (Step 1). The activated SO undergoes nucleophilic attack by the bromide anion (Br‾) on least substituted carbon (C) atom resulting in a bromo-alkoxide intermediate. This intermediate was stabilised by the tetrabutylammonium cation (TBA + ) to facilitate rapid CO 2 -insertion (Step 2). Subsequently, CO 2 -insertion takes place by the nucleophilic attack of the negatively charged oxygen of alkoxide intermediate on the electrophilic C atom of CO 2 (Step 3). Lastly, a fivemembered ring of styrene carbonate (SC) was formed due to cleavage of Zn-O bond and intramolecular displacement of bromide anion (Br‾) owing to its high leaving group ability (Step 4).
Conclusions
Synthesis of styrene carbonate (SC) via the chemical fixation of CO 2 with styrene oxide (SO) was carried out using a combination of cheaply available ZnBr 2 and tetrabutylammonium halides (TBAX) , as an acid-base binary homogeneous catalyst. Propylene carbonate (PC) was used, as it is considered to be a 'green' solvent. The order of halide anion activity on SC formation was found to be Br‾ > I‾ > Cl‾ > F‾, in agreement with the order of leaving group ability of the halide anions, apart from Br‾, which exhibited higher activity due to an optimum balance between nucleophilicity and leaving group ability. The ZnBr 2 /TBAB combination achieved the highest catalytic activity due to the synergistic effect, increasing the rate 6-fold, compared to TBAB alone. The SC formation reaction was found to be firstorder with respect to SO, CO 2 and TBAB, whereas nonfirst-order kinetics was observed for the ZnBr 2 . The Arrhenius activation energy (E a ) for the SC formation was 23.3 kJ mol −1 at temperatures of 90-120°C. The values of ΔH ‡ and ΔG ‡ determined from the Eyring equation were both positive, suggesting that the SC formation was endergonic and controlled by reaction kinetics. However, the SC formation had a negative ΔS ‡ , an indication that the associative mechanism was involved in the binary catalytic system. A reaction mechanism for the SC formation was proposed, explaining the modus operandi of the binary homogeneous catalyst.
